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ABSTRACT 



It remains a key challenge to establish the molecular content of different components of low-mass protostars, like their envelopes and 
disks, and how this depends on the evolutionary stage and/or environment of the young stars. Observations at submillimeter wave- 
lengths provide a direct possibility to study the chemical composition of low-mass protostars through transitions probing temperatures 
up to a few hundred K in the gas surrounding these sources. This paper presents a large molecular line survey of the deeply embedded 
protostellar binary IRAS 16293-2422 from the Submillimeter Array (SMA) - including images of individual lines down to x 1.5-3" 
(190-380 AU) resolution. More than 500 individual transitions are identified related to 54 molecular species (including isotopologues) 
probing temperatures up to about 550 K. Strong chemical differences are found between the two components in the protostellar system 
with a separation between, in particular, the sulfur- and nitrogen-bearing species and oxygen-bearing complex organics. The action 
of protostellar outflow on the ambient envelope material is seen in images of CO and SiO and appear to influence a number of other 
species, including (deuterated) water, HDO. The effects of cold gas-phase chemistry is directly imaged through maps of CO, N2D+ 
and DCO^, showing enhancements of first DCO^ and subsequently N2D^ in the outer envelope where CO freezes-out on dust grains. 

Key words, stars: formation — stars: circumstellar matter — ISM: individual (IRAS 16293-2422) — ISM: jets and outflows — ISM: 
molecules — Submillimeter: ISM 



1. Introduction 

Developing the understanding of the chemical structure and 
evolution of star-forming regions remains an important task. 
Understanding the molecular composition of protostars and, 
in particular, the innermost regions of the circumstellar en- 
velopes and disks relates to some of the key scientific ques- 
tions concerning star and planet formation, for example, 
■ what level of chemical complexity can arise aro und proto- 
' stars (e.g.,[^ n Dishoeck & Blake, 1998; C eccarelli et al., 2007; 
! iHerbst & van Dishoeck, 2009). Also, for studying the physics of 
' the star formation process, it is desired to know which molecu- 
lar species are tracing specific components of young stellar ob- 
jects, such as their envelope, disks etc. This paper presents the re- 
sults of a large Submillimeter Array survey of the molecular line 
emission on few hundred AU scales toward the deeply embed- 
ded low-mass protostar IRAS 16293-2422 and discusses some 
of the signatures of the physics and chemistry occurring in this 
deeply embedded protobinary system. 

IRAS 16293-2422 has long been considered one of 
the "template" sources for astrochemistry. Being the deeply 
embedded (Class 0) low-mass protostar with the richest 
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line spectrum, it has been the subject of m any targeted 
(sub)millimeter w ave spe ctroscopic studi es (e.g. , jBlake et all 
1994: van Dishoe ck et all [l 995; Ceccare UTetaLL Il998. 200^ 
iCazaux et aU i2003l: ICaux et all |201 1 ) as well as specialized 
modeUng efforts attempting to estabUsh its chemical composi- 
tion - in particular, vari ation in its mol e cular abundances as 
function of radius (e.g., ICeccarelU et all 120001; ISchoier et all 
200^ . The detections of complex organics towar d this source 
(e.g., Cazauxetal., 2003; Botti nelli et"an l2004l iKuan et all 
2004; Bisschop et al., 2008) have sparked new interest in the 
physical processes that can lead to the evaporation of icy grain 
mantles on small scales of protostars - and thereby also the 
chemical processes determining their molecular compositions. 

However, IRAS 16293-2422 has also illustrated some of 
the inherent difficulties in relating the larger scale line emis- 
sion picked up by single-dish telescopes to the source struc- 
tures on few hundred AU scales, e.g., revealed by millime- 
ter interferometric observations. After the identification of 
IRAS 16293-2422 as a binary through high resolution c entimeter 
and milhmeter wav e length continuum observations dWoottenj 
119891; iMundv et all Il992h . it has been the target of many 
studies trying to relate the structure of the two main com- 
ponents to their line emission and place them in an evo- 
lutionary context. The southeastern of the two components, 
"IRAS 16293 A", appears resolved in continuum observations. 
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breaki ng into a number of different component s at subarc second 
scales dChandler et all 120051: iPech et all l2010l) . The northwest- 
em component, "IRAS 16293B", in contrast appears unresolved 
on these scales. In terms of line emission the two sources also 
show significant differences: both show detection of com plex or- 
ganic molecules for example (Bottinelli et al., 2004; Kua n et all 
1200 4': Remiia n & HolUsL |2006; Bisschop et al.i 1200 8) - but the 
relative line strengths and widths vary between the two sources. 
Whereas it is generally agreed that the IRAS 16293 A compo- 
nent is protostellar in nature - it has been suggested that the 
IRAS 16293B co mponent either represented a more evo lved (T 
Tauri) star (e.g.. S tark et al. 1 12004 iTakakuwaetaH ^7) or al- 
ternatively a v ery young object, pos sibly before starting accre- 
tion/mass loss (IChandler et al.Ll2"005h . 

In this paper we present a large survey of the line emis- 
sion in the 230 GHz and 345 GHz atmospheric windows of 
IRAS 16293-2422 from the Submillimeter Array. The paper is 
laid out as follows: §|2]describes the details of the observations 
and §[3]presents an overview of the line emission in global terms. 
§ ID discusses a few of the key aspects that can be derived from 
just visual inspection of the molecular line emission maps and 
§|5] summarizes the main conclusions of the paper 



2. Observations 

IRAS 16293-2422 was observed in a number of spectral settings 
between 2004 and 2007 using the Submillimeter Array (SMA; 
iHo et al.ll2004 ). We here focus on four sets of observations cov- 
ering different spectral setups at 220 and 340 GHz. The log of 
the observations, beam sizes and noise levels are summarized in 



Table p Previous papers bv lYeh et al.l (l2008l) and lBisschop et al] 
(l2008l) presented part of these data from 2005 Feb 18, focus- 
ing on the CO outflow emission and selected complex organic 
molecules, respectively. 

The data were taken with the SMA in its compact or 
compact-North configuration resulting in average beam sizes 
of » 2-4" (250-500 AU at a typical distance to Ophiuchus 
of 125 pc). For three of the four datasets a pointing cen- 
ter at Q'=16';32™22.9P;, 5=-24'?28'35'.'5 [J2000] was used. For 
the last dataset (2007 March 22) the pointing center was 
a^l&l32^22JZ, 5=-24'?28'34'.'3 [J2000]. The positions for the 
two main continuum peaks seen in these images (Fig. [1]) are at 
Q'=16'}32'J'22.87:, 5=-24'?28'36'.'4 [J2000] (IRAS16293A or "A") 
and Q'=16'!32"22.62^ 5=-24'?28'32'.'4 [J2000] (IRAS16293B or 
"B") with an agreement between the fitted positions of about 
0.2". The field of view of the SMA observations cover a region 
of 30-50" (3750-6250 AU; diameter) at 345-230 GHz. 

Two of the four datasets (the 220/230 GHz and 337/347 GHz 
datasets from 2005 February 18 and 2007 March 22, respec- 
tively) were taken as part of dual receiver observations with 
the high frequency receiver tuned to lines at 690 GHz. For 
these datasets the excellent weather conditions required for the 
690 GHz observations also result in significantly improved RMS 
noise levels in the lower frequency data discussed here. The cor- 
relator was configured with uniform spectral coverage over the 
(at the time) ^ 2 GHz bandwidth in each sideband of the SMA 
receivers. Each 2 GHz sideband was covered by 24 chunks of 
the correlator with a width of 128 MHz each - and each chunk 
split into 256 channels (128 channels for the dual receiver obser- 
vations). 

The data were calibrated using the standard recipes - in- 
cluding calibration of the complex gains by observations of the 
nearby quasar J1743-038 and flux and passband calibration by 
observations of planets (Uranus, in particular). The initial data 
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Fig. 1. Continuum images of IRAS 16293-2422 at 1.3 mm (left) 
and 0.87 mm (right). In the left panel the contours are given in 
steps of 0.1 Jy beam"' to 1.0 Jy beam"' and from there in steps 
of 0.2 Jy beam"' and in the right in steps of 0.2 Jy beam"' to 
2.0 Jy beam"' and from there in steps of 0.4 Jy beam"' (in the 
continuum data the noise level is determined by the interferom- 
eter dynamic range). The white plus-signs indicate the pointing 
centers of the observations, except those from 2007 March 22 
for which the pointing center is indicated by the black plus-sign 
in the right panel. 



reduction was performed using the MIR package (Ioil l2008l) and 
continuum subtracted line maps were created using the Miriad 
package ( Sault et al.,.1995.) with which further analysis was also 
done. 



3. Analysis 

In this paper we focus on the morphology of the line emission 
from the IRAS 16293-2422 data and refer to other papers in the 
literature for a more in-depth discussion of continuum emission 
toward the sources. We make the data publicly available for any- 
one interested in a more in-depth analysis of specific molecules: 
the SMA raw data are available through CfA Radio Telescope 
Data Centefl and the spectra toward the two continuum peaks 
in FITS format through a dedicated websit^ (the full reduced 
datacubes are available on a collaborative basis). 

Fig. 12^9] show the composite spectra toward the continuum 
positions of IRAS 16293A and IRAS 16293B. Key differences 
for the line emission in the two sources also noted in previous pa- 
pers are clearly illustrated: typically the IRAS 16293 A compo- 
nent show broader and stronger lines, for example, clearly illus- 
ti-ated in the methanol CH3OH Jk - lu-^k branch at 338.4 GHz. 
On the other hand, IRAS 16293B shows the presence of some 
sets of lines not seen in IRAS 16293A, e.g., in the frequency 
range from 346.9-347.3 GHz harboring a number of transitions 
of acetaldehyde, CH3CHO. 

A few lines show very complex profiles likely due to com- 
binations of optical depth effects and spatial resolving out due 
to the interferometer's lack of short-spacings: with the short- 
est projected baselines of about 8 m length (Table [T]| the SMA 
observations for example recover less than 50% of any emis- 
sion with a Gaussian distribution with a FWHM of 10-15" 
(i.e., molecules with a similar surface brightness distribution 
as the envelo pe tr aced by single-dish continuum observations; 
ISchoier et al.ll2002i) and an even smaller fraction for molecules 



' http://cfa-www.harvard.edu/rtdc 
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Table 1. Log of observations. 



Frequency range 


Observed date 


Beam size" 


Spectral resolution 


Sensitivity 


Projected baselines* 


[GHz] 






[km s-'] 


[Jy beam^' chan^'] 


[kA] 


215.6-217.6/225.6-227.6 


2004-07-23 


5.5"x3.2" 


0.56 


0.24 


6-91 


219.4-221.4/229.4-231.4 


2005-02-18 


4.0"x2.4" 


1.1 


0.062 


7-54 


336.8-338.7 / 346.7-348.7 


2007-03-22 


2.5"xl.6" 


0.72 


0.11 


10-141 


341.2-343.1 /351.1-353.1 


2005-08-14 


3.5"xl.9" 


0.36 


0.60 


11-82 



Notes. With natural weighting. Range of projected interferometer baselines observed for given dataset measured in kA. 



more homogeneously distributed (e.g., less strongly weighted by 
temperature than the dust continuum emission). This is clearly 
seen for the CO isotopologues - '^CO at 230.538 GHz and '^CO 
at 220.398 GHz, as examples - but the "absorption" features 
seen toward IRAS 16293B for, e.g., N2D+ at 231.321 GHz and 
CN at 226.875 GHz, also reflect this. In particular, the absence 
of CN emission in the maps is a clear example of the effects 
of the interferometer resolving out more extended emission: in 
pointed JCMT sing l e-dish observations of CN at 226.875 GHz 
Ivan Dishoeck et alJ (119951) found lines with intensities of 0.6- 
0.8 km s~' (10-15 Jy beam ' km s '), contrasting the absence 
of CN emission in the S MA maps presented here. As pointed out 
bv Ivan Dishoeck et aI.L the narrow widths of the CN lines sug- 
gests a picture where this species is probing only the outer en- 
velope and ambient core. This would indeed be on spatial scales 
resolved out by the SMA observations. 

The interferometer's spatial filtering makes it difficult to 
use the interferometric data for quantitative estimates of, e.g., 
exact column densities or other physical parameters without 
a careful treatment of the amount of resolved-out emission, 
for example by combining the interferometric data with short- 
spacing maps from single-dish telescop es or more de tailed mod- 
els of the source stru cture (see, e.g., ISchoier et al.. .2004, and 
iTakakuwa et aLllToOTh . Still, the interferometric maps reveal the 
most prominent structures in the surface brightness distributions 
from the molecular lines - for example where the largest column 
densities of the different species occur - and therefore allow for 
a qualitative interpretation of the relations and differences be- 
tween the imaged molecular species. 

Lines present in the spectra toward each of the two 
continuum peak position s were id entified using the C DMS 
(iMiilleretall l200lL l2005h and JPL (iPickett et aI.L Il998ll spec- 
troscopic catalogs: the catalog entries were downloaded for the 
molecular species expected toward the two protostars, and com- 
pared to the observed spectra. Line identifications were made by 
eye taking into account the excitation energy levels and intrinsic 
line strengths when evaluating the detection of a given transition. 
This process was done iteratively: that is, for detected species 
lower excited or stronger lines unassigned in the first round were 
searched for, e.g., looking at possible line blends with stronger 
lines for other species. Unassigned lines were checked against 
both catalogs and if a sufficient number of lines of a given 
molecule was detected, it was included in the search list. 

In this manner a total of 515 transitions (996 including tabu- 
lated hyperfine components) from 54 molecular species (includ- 
ing isotopologues) were identified. About 10% of the features in 
the spectra remain unassigned. Table|2]summarizes the detected 
molecules, the number of lines and the energy ranges for the de- 
tected species - while Table lA. ll compiles all the identified lines. 

Fig.[TO]shows the cumulative distribution of the upper energy 
levels, £„, for the detected molecules - compared to the full cat- 
alog entries for the same species over the measured frequency 
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Fig. 10. Cumulative distribution of the upper energy levels for 
the detected transitions (solid line) and all transitions in the 
search frequency range for the detected molecules (dashed line). 

ranges. The figure clearly illustrates the upper limit for the tem- 
peratures of the detected species - with approximately 90% of 
the detected molecular lines having £„ lower than 550 K, com- 
pared to 50% of the catalog entries having £„ lower than this 
temperature. 

For each detected line, the first and second moments (cen- 
troid velocity and dispersion) were estimated toward the posi- 
tions of the two components by numerical integrations of the 
spectra over velocity intervals of +5 km s"' around the expected 
systemic velocity of each line at a; 3 km s"'. Fig. (TTj summarizes 
the distribution of these velocities. As expected from the above 
comments and previous findings in literature, the lines toward 
the IRAS 16293 A continuum peak are on average wider and 
slightly more red-shifted than toward the IRAS 16293B peak 
(the peaks of the distributions in Fig. (TTj shifted toward higher 
velocities). However, as illustrated by the figure, the distribu- 
tions of both centroid velocities and dispersions are broader to- 
ward IRAS 16293B than IRAS 16293 A. This suggests that the 
emission toward IRAS 16293B can be divided into a set of lines 
localized for this source with another set of lines probing the 
more general environment of both sources in common. It is pos- 
sible that uncertainties in the determined line rest frequencies 
contribute to some of the scatter in this plot. However, since a 
large number of the lines are detected in both sources, it is un- 
likely that these uncertainties introduce the systematic shift and 
broadening of the lines between the two sources. 

For each molecular species the emission from detected, iso- 
lated lines were integrated over Vsys ± AV where Vsys is the aver- 
age centroid velocity for the IRAS 16293 A component and AV 
the average line width. Compilations of the maps from the in- 
ner 24"x24" are shown in Fig. fTSUTSl In these plots, maps from 
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Fig. 2. Composite spectrum in the range 215.5-217.5 GHz for the central beam (5.5"x3.2"; line 1 of Table[TJ toward the source 
IRAS 16293A (at on the Y-axis) and IRAS 16293B (offset in the Y-axis direction). Transitions of some of the prominent species 
have been identified. 
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Fig. 3. As in Fig.|2]for the range 225.5-227.5 GHz (beam size 5.5"x3.2"; line 1 of Table©. 
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Fig. 4. As in Fig.|2]for the range 219.4-221.4 GHz (beam size 4.0"x2.4"; line 2 of Table©. 
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Fig. 5. As in Fig.|2]for the range 229.4-231.4 GHz (beam size 4.0"x2.4"; line 2 of Table©. 
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Fig. 6. As in Fig.|2]for the range 336.85-338.85 GHz (beam size 2.5"xl.6"; line 3 of TableEJ. 
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Fig. 7. As in Fig.|2]for the range 346.85-348.85 GHz (beam size 2.5"xl.6"; line 3 of TableEJ. 
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Fig. 8. As in Fig.|2]for the range 341.1-343.3 GHz (beam size 3.5"xl.9"; line 4 of Table[B. 
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Fig. 9. As in Fig.|2]for the range 351.1-353.1 GHz (beam size 3.5"xl.9"; line 4 of Table[B. 
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Table 2. Detected molecules. 



Molecules 


'^lines 


Eu [K] 


Molecules 


lines 


Eu [K] 


Molecules 




Eu [K] 


CO, HCO+ and N-bearing species 


CO 


1 


16.6 


"CO 


1 


15.9 


C'^O 


1 


15.8 


C"0 


1 


32.4 




1 


41.6 


HC3N 


1 


141.9 


HzCN 


4 


21.1-175.4 


CH3CN 


20 


68.9-1291.5 


CH3'''CN 


8 


68.8-646.6 


C2H5CN 


34 


79.1-681.3 


HNCO 


12 


58.0-835.7 


HNC"*0 


1 


195.5 


0-bearing species 


H2CO 


3 


33.4-174.0 


H2"CO 


1 


32.9 


H2C"*0 


5 


97.4-239.6 


CH3OH 


62 


39.8-802.2 


"CH30H 


5 


87.1-302.5 


C2H5OH 


37 


74.4-1289.1 


HCOOH 


1 


332.7 


CH2C0 


1 


76.5 


CH3CHO 


101 


22.9-864.6 


CHiOCHi 


26 


48.0-952.8 


CH3OCHO-A 35 


81.4-604.3 


CH3OCHO-E 


43 


56.9-629.8 


(CH3)2CO 


28 


29.9-700.8 














S-bearing species 


CS 


1 


65.8 


c^*s 


1 


64.8 


"CS 


1 


33.3 


H2S 


1 


84.0 


H2CS 


2 


102.4-105.2 


H2C3^S 


1 


141.8 


HCS+ 


1 


73.7 


ocs 
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Fig. 11. Distribution of centroid velocities and widths (disper- 
sions) in the left and right panels, respectively for emission lines 
detected toward the A source (upper panels) and B source (lower 
panels). Gaussian fits to the distributions are over-plotted (Vlsr 
of 3.2 and 2.7 km s ' and AV of 2.6 and 1.9 for A and B respec- 
tively). The Vlsr and AV distributions for the two sources are 
significantly different according to a standard T test for distribu- 
tions with unequal variances. 

different transitions for the same molecule have been added to- 
gether weighted by their noise. For molecules with transitions in 
multiple frequency bands, data from one band only were used to 
keep the spatial resolution similar (see Table lA.ll ). For molecules 
with a large number of detected lines with high S/N spanning a 
range of energy levels, the integrations were subdivided into in- 
tegrations over lines in different energy ranges. 
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Fig. 12. Emission for CO, HCO^ and the N-bearing organic molecules. For each molecule, except where noted 
otherwise, the emission has been integrated over all identified lines in one selected frequency band - isolated by 
at least 10 MHz from other species (see Table lA. fi for specific lines). The integration is performed over the width 
of the "A" component (i.e., from to 6 km s"') and contours are shown in steps of 3 cr to 15cr and in steps of 
6cr thereafter, where cr is the RMS noise level for the integrated line intensity; the RMS per channel is given in 
Table [1] A scale-bar is shown in the upper left panel. The beam size at the frequency of the selected transitions 
for the given molecule is shown in the lower right corner of each panel. 
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Fig. 13. As in Fig.[T2]for the O-bearing organic molecules. 
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4. Results and discussion 

In this section we discuss the general features of the detected 
emission before going into a few more specific topics in detail. 
Generally the integrated line emission maps of IRAS 16293- 
2422 can be divided into groups: 



1 . Maps with significant extended emission encompassing both 
sources but without clear peaks or with peaks offset from the 
continuum sources. Examples: CO, SiO and H2CO 5i_5-4i 4. 

2. Maps with significant extended emission peaking on one or 
both continuum sources. Examples: '^CO, C'^O, C'^O, CS 
and isotopologues, SO, H2CO / H^^CO 3i,2 - 2i,i, HaC'-^O. 

3. Maps with localized peaks at the continuum sources, 
with IRAS 16293 A being significantly stronger than 
IRAS 16293B (the latter in a few cases even absent). 
Examples: nitrogen- and sulfur-bearing species (including 
HC3N, CH3CN, HNCO, isotopologues of SO, SO2, OCS 
among others), most deuterium-bearing species, CH3OH and 
its '■'C isotopologue. 

4. Maps with localized peaks at the continuum sources, with 
the two peaks being approximately similar in strength. 
Examples: CH3OCH3, CH3OCHO, D2CO. 

5. Maps with localized peaks at the continuum sources, with 
IRAS 16293B source being stronger than IRAS 16293 A. 
Examples: CH3CHO, CH2CO. 

6. Maps with extended faint emission not strongly corre- 
lated with the continuum peaks. Examples: N2D^, H'^CO^, 
DCO+. 
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Fig. 16. Comparison between '^CO 2-1 (upper left), C'^O 2-1 
(upper right), H2CO 3i,2 - 2i,i (lower left) and H^^CO 3i,2 - 2i.i 
(lower right). For all species the emission is integrated from 1 to 
5 km s"' . The contours are shown in steps of 9 Jy beam"' km s"' 
for the CO isotopologues and 3 Jy beam ' km s ' for the H2CO 
isotopologues. 



These maps underline the complicated structure of the pro- 
tostellar system: the overlap between the emission in, e.g., the 
extended dense gas tracers suggest that the two sources are em- 
bedded in one larger-scale connected envelope, whose column 
density peaks close to IRAS 16293 A. A fainter local maximum 
in column density is present toward IRAS 16293B, however. 
The absence of this secondary peak in, e.g., the maps of '^'CO 
and C'^O (Fig. [16] upper panels) suggest that these species are 
becoming optically thick on scales close to the spatial scales 
probed by the interferometric observations. A particular clear 
example of that is seen in the emission from 3i_2 - 2i,i transi- 
tions of H2CO and Hj^CO: for those two species an inversion is 
seen with the main H^^CO isotopologue being stronger toward 
IRAS 16293A while the fainter Hj^CO isotopologue is stronger 
toward IRAS 16293B (Fig. [161 lower panels). The two transi- 
tions also appear close to identical in strength in the maps - 
further indicating a high optical thickness of the main isotopo- 
logue and significant resolved-out emission. Optical depth ef- 
fects and general surface brightness sensitivity may also explain 
the differences between for example the main isotologue of SO 
and the fainter species (^"'SO, ^"^SO): the latter may also be ex- 
tended similar to the main isotopologue, but with too low surface 
brightnesses to be picked up by the SMA observations. A few 
species show very strongly differentiated emission between the 
two sources. The sulfur-species (SO2 in particular) are strongly 
concentrated toward IRAS 16293 A while a few of the complex 
organics (CH3CHO in particular) appear most prominently to- 
ward IRAS 16293B. As the lines of the different species are 
not significantly different in excitation temperatures, these dif- 
ferences in their relative prominences point to different chemical 
structures of the two components in IRAS 16293-2422 - possi- 
bly reflecting differences in their physical evolution. 



4.1. Cold envelope chemistry 

Although a natural focus in the submillimeter interferometric 
observations is on the higher excited lines, warmer gas and the 
small-scale structure close to protostars themselves, the high res- 
olution offered by the interferometric observations provides in- 
teresting insights into the chemistry in the colder envelope on 
large scales. The survey includes a number of species that pre- 
dominantly are present in the cold 20-30 K gas and/or very sen- 
sitive to changes in chemistry occurring at these temperatures. 

One clear example is offered by a comparison between C'**0, 
DCO^ and N2D^ (Fig. [TTb . The emission from these three 
species are all mainly associated with IRAS 16293 A, and all 
show significant emission extending over 5-10" scales. C'^O 
is the species located closest to the continuum peak. DCO^ is 
also present there, but shows its maximum offset by 3^". The 
N2D^ transition in contrast does not show any emission at the 
continuum/C"*0 peaks, but is offset in the same direction of 
DCO+ with its peak shifted even further. Of course, the "ab- 
sorption feature" of N2D^ toward IRAS 16293B indicates that 
this species is also present along line of sights toward the central 
protostars, but simply resolved-out. It is likely that something 
similar is the case for DCO^ as well. Still, the maps reveal the 
differences between the brightest spots in the emission in each 
of the molecular species, reflecting that their underlying spatial 
distributions also differ. 

Fig. [17] shows the temperature from self-c onsistent dust 
radiative trans fer models of IRAS 16293-2422 dSchoier et all 
2002; J0rgens en et al.L l2005al) . In those papers, the structure of 
IRAS 16293-2422 is modeled as a single spherical protostellar 
dust envelope heated by a central source of luminosity. Using the 
spectral energy distribution and submillimeter continuum maps 
to constrain the envelope density structure, the models then cal- 
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culate the temperature distribution as function of radius self- 
consistently. For this plot, we locate the envelope at the posi- 
tion of IRAS 16293 A and assign half the total luminosity to this 
source. It is seen that the differentiation between CO, DCO^ and 
NzD^ is taking place at scales corresponding to the radii of 20- 
30 K in the envelope. The comparison to these spherical models 
is naturally a simplification because of the binarity of the system: 
the dust and gas in the northern-western part envelope is likely 
affected by the presence of IRAS 16293B, as also suggested by 
the absence of the line emission there. 

The differentiation between C''^0, DCO+ and N2D+ can be 
understood in the context of the gas-phase chemistry of the cold 
envelope gas (Fig. [TSl i: CO has been shown to be freezing out 
significantly at low temperatures in the outer regions of proto- 
stellar envelopes, desorbing off the dust g rains on ce the temper- 
ature increases to 30 K (e.g., Jcirgensen et al.L |^02, 20053). 
This gives a primary peak of the C"^0 emission associated with 
the compact continuum emission marking the location of the 
protostar itself as seen in Fig. [17] At larger radii and low tem- 
peratures, the freeze-out of CO gives a boost to DCO^ and 
DCO^ is tied to the CO abundance through the reaction 
H2D+ H- CO ^ DCO^. This takes place most efficiently at tem- 
peratures lower than 30 K where the amounts of H2D+ increases 
due to the small energy difference in the reaction: 

-I- HD ^ HzD"^ -H H2 (1) 

dRoberts & MillaiL l2000h . At temperatures higher than 30 K in 
contrast, H2D'^ is rapidly transformed into H3 through reactions 
with H2 and then further incorporated into HCO^ through re- 
actions with CO. This effect is similar for N2D^ - except that 
it is even further enhanced by the fact that any CO present in 
the gas will work very efficiently in destroying N2D+, thus lim- 
iting it even further (N2H^ is also enhanced in the colder, CO 
depleted, gas - because of the lack of its primary destruction 
agent; see, e.g.. |j0rgensen et al] |2004). One would therefore ex- 
pect a sequence in the presence of these three species with CO 
being present most closely to the center, DCO^ following this at 
slightly lower temperatures and N2D^ at the lowest temperatures 
(Fig.fTSTl. This scenario is in qualitative agreement with what is 
seen in the SMA data with the species peaking at the distances 
expected from the temperature of the protostellar envelope given 
its temperature profile in a simple spherical model (Fig.fTTli. 

4.2. The importance of the outflows in IRAS 16293-2422 

The outflow activity in IRAS 16293-2422 has been the topic of 
many discussions in literature - both in terms of the larger scales 
probed by single-dish observations and on smaller scales trying 
to identify what outflows are driven by each of the components. 
CO line emission toward I RAS 16293-2422 sho w a character- 
istic quadrupolar structu re (Wal ker et al.l jT988l) . which could 
reflect its binary nature. IStark e t al. (20041) suggested that this 
quadrupolar morphology could be interpreted as being a super- 
position of an older outflow in the East-West direction driven by 
IRAS 16293B and a younger outflow in the Northeast/Southwest 
direction driven by IRAS 16293 A. This led these authors to sug- 
gest that the IRAS 16293B in fact was the older of these two 
sources - possibly a low luminosity T Tauri star. This view has, 
however, been challenged by high resolution CO observations 
showing that the East- West outflow is unambiguously associ- 
ated with IRAS 16293A (e.g.. lYehetan i2008). On the smaflest 
scales in the system, it remains an important question if the out- 
flows play a role in regulating the temperature and density struc- 
ture: through the high angular resolution CO 2-1 and 3-2 maps 
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Fig. 17. Comparison between the C'^O 2-1 (grey-scale), DCO+ 
3-2 (dashed blue contours) and N2D^ 3-2 toward the core. The 
lines are integrated from velocities of 3-7 km s"' (C"*0 and 
N2D+) and 4-6 km s ' (DCO+). The dotted circles indicate the 
projected radii, w here the dust temperature from radiati v e trans- 
fer calculations (ISchoier et al.L I2002L |j0r^ensen et al.L l2005ah 
has dropped to 30 K and 20 K, respectively - assuming that the 
IRAS 16293 A component is the sole source of luminosity and 
that the envelope is centered on this source. 



lYeh et al] (l2008 l) for example showed the existence of two bright 
spots in their outflow maps offset by about 1" fr om the two pro- 
tostars and toward IRAS16293A in particular. IChandler et al.l 
(2005) showed that excitation transitions of a number of other 
species were offset likely due to the impact of this outflow (in 
particular, their Fig. 21). 

Besides CO often used tracers of outflow emission are the 
transitions of SiO (in particular, J =2-1, 5^ and 8-7) thought to 
be the result of silicon in atomic form sputtering off dust grains 
and reacti ng with OH in the g as-phase producing SiO in the pro- 
cess (e.g. JSchilke et al.lll997ft . The larger scale environment of 
IRAS 16293-2422 has been mapped in flie line of SiO 2-1 with 
single-dish telescopes (i Hirano et all 1200 it ICastets et all 1200 ih 
and used for discussions of the relation between the SiO emis- 
sio n and the protost ellar outflows. 

ICeccarelli et al.l (HoOO) discussed multi-transition single- 
dish observations of the SiO emission at the location of the cen- 
tral protostellar binary and analyzed the emission in the context 
of models of a spherical collapsing envelope. They demonstrated 
that the SiO emission could be explained within this model if the 
SiO abundance increased from a low ("molecular cloud") value 
of 4 X 10"'' to a "warm" value of 1 .5 x 10"*^. They noted that in 
this model, the bulk of the observed SiO 5^ emission arises at a 
distance less than 150 AU from the central source where the in- 
fall velocity is large, about 2.8 km s"' in their model, consistent 
with the large line width seen in the single-dish observations. 

The observations presented here show that this model does 
not provide an adequate description of the emission morphol- 
ogy of these SiO transitions. In fact, both the 7 = 5-4 and 
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Fig. 18. Schematic chemical network for HCO+, DCO+, N2D+ 
and N2H^ in different regions of protostellar envelopes: at high 
temperatures (T > 30 K) CO is in the gas-phase and is dom- 
inating over H2D^ (the reaction in Eq. 1 proceeds to the left) 
enhancing HCO^ and destroying N2H^. At intermediate temper- 
atures (T - 20 - 30 K) CO depletion and H2D^ production starts 
to kick-in (the reaction in Eq. 1 proceeds to the right), enhancing 
N2H^ (less destruction through CO) and the deuterated species 
(DCO^ in particular, through reactions between and CO). At 
low temperatures CO depletion is very significant and N2D^ is 
enhanced relative to the other species. 



8-7 transitions show emission significantly extended on scales 
comparable to typical single-dish beams extending over the two 
protostellar sources with localized peaks close to the two pro- 
tostars. In IRAS 16293A, the SiO emission peaks slightly east 
of the central pro tostar close to th e location of the bright CO 
spot reported by lYeh et all (l2008h . whereas the emission to- 
ward IRAS 16293B is slightly extended around the position 
of the central protostar and the CO bright spot associated with 
that source - but not uniquely associated with either Generally, 
very few low-mass protostars s how significant SiO line emis- 
sion (e.g.. lj0rgensen et ail 2007h. so t he str ong detection toward 
IRAS 16293-2422 (e.g.. 'Blake etalL [1994 ) is notable in itself. 
SiO is thought to be produced by sputtering of silicon of dust 
grains in shocks, reacting with OH once in the gas-phase. This 
would suggest that the shock activity is prominent both in the 
vicinity of IRAS 16293 A and IRAS 16293B - despite the ab- 
sence of a clear CO outflow driven by the latter. It is therefore 
likely that the outflow driven shock is affecting the physics and 
chemistry of the gas in the immediate vicinity of IRAS 16293B. 
Higher resolution observations of the kinematics of the gas at 



this position are needed to clarify the importance of these shocks 
compared to the radiation by the embedded protostar. 

4.2.1 . HDO emission 

Clearly the outflows in the IRAS 16293-2422 have an impact 
on the emission on large scales. Some care therefore needs to 
be taken in interpreting (unresolved) single-dish observations 
of the system - in particular, for discussing molecules tracing 
small-scale structures. A few examples, of species probing gas 
affected by the outflow emission are CS, CH3OH and HDO. 
The two former species are known to be tracers of dense en- 
velop e gas affected by outflow emission in protostellar systems 
(e.g., Ij0rgensen et al.L l2005cl) . but the latter is particular note- 
worthy: the SMA data encompass the HDO 3 12 - 221 transition 
at 225.896 GHz, a relatively high excitation transition of HDO, 
which potentially could reveal the presence and distribution of 
(deuterated) water in this low-mass protostar 

Fig.|20]compares the integrated HDO emission to that of SiO 
5-4. The maps show two major peaks of the HDO line. One is 
associated with I16293A and one offset at about (5",0")- A third 
peak is seen at even larger distances - but channel maps (Fig.l2TI) 
suggests that this is an extension of the secondary peak. Fig. 1211 
shows the channel maps of the HDO transition and Fig.l22lspec- 
tra toward these three positions. The emission at continuum peak 
is seen most prominently at the systemic velocity, Vlsr, of the 
majority of the lines in the data at about 4 km s The second 
peak east of the IRAS 16293 A continuum position is redshifted 
relative to this but still extending around the systemic velocity. 
The morphology of the HDO emission appear related although 
not directly correlated to that of SiO: generally the HDO emis- 
sion peaks appear in "valleys" of the red-shifted lobe of the SiO 
outflow emission (Fig.l20ll. 



5. Summary 

This paper has presented a large Submillimeter Array imaging 
survey of the line emission from molecular species toward the 
deeply embedded. Class 0, protostellar binary IRAS 16293-2422 
down to 1.5-3" (190-380 AU) resolution scales. We have iden- 
tified the molecular line emission toward each of the two compo- 
nents in the protostellar binary and discuss some general features 
of the emission. 

- 515 transitions of 54 species (including isotopologues) are 
identified. 90% of the identified transitions have upper level 
energies lower than 550 K. A richness of both non-organic 
and organic molecules (of varying complexity) are seen to- 
ward both binary components. 

- Significantly narrower lines are observed toward 
IRAS 16293B than IRAS 16293A in the system (1.9 km s ' 
for IRAS 16293B vs. 2.6 km s ' for IRAS 16293A) and the 
lines toward IRAS 16293B are found to be blue-shifted by 
about 0.5 km s"' compared to IRAS 16293 A as well. 

- The molecular species show significantly different strengths 
relatively at the two components. IRAS 16293A in gen- 
eral has the stronger emission and shows many nitrogen and 
sulfur-bearing species weak or absent toward IRAS 16293B. 
The latter in contrast harbors a number of stronger transi- 
tions from oxygen-bearing complex organics - in particular, 
CH^C HO, which is v ery faint toward IRAS 16293 A (see also 
Biss chop et alj|2068h . There is no evidence for significantly 
different excitation conditions in the two sources, however 
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Fig. 19. Channel maps for CO 2-1 (left column), SiO 8-7 (mid- 
dle column) and H'^CO^ 4-3 (right column). Contours are given 
in steps of 20cr for CO 2-1 and 3cr for SiO 8-7 and H'^CO+ 4-3. 
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Fig. 20. HDO (225.9 GHz; red) and SiO (217.1 GHz; blue) maps 
compared. Both datasets were integrated over the velocity range 
from -1 to 6 km s"' . The contours are given in steps of 3cr. 
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Fig.21. Channel maps (averaged over 2 channels / 1.1 km s"') 
of HDO (velocities given in upper right corner of each panel). 
The HDO data have had a taper of 3" applied. 



- Outflowing motions are clea rly witnessed by the maps of 
CO (see alsol Yehetall2008h and SiO. The latter shows ex- 
tended emission toward IRAS 16293 A but notably very com- 
pact emission near IRAS 16293B suggesting the presence of 
shocks in the immediate vicinity of this source. 

- A few specific examples are discussed. More extended emis- 
sion from NaD^, DCO^ and CO shows differences that 
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Fig. 22. Representative spectra of HDO in the central beams 
from maps with a 3" taper applied (see also Fig. 1211 1 toward 
the continuum peak of IRAS 16293 A, the secondary peak and 
a position further offset toward the east where the emission is 
extended the offsets relative to the position of IRAS 16293 A in 
arcseconds given in the upper right corner of each panel. 



can be attributed to cold gas-phase chemistry on large 
scales in the outer parts of the protostellar core. The emis- 
sion from deuterated water (HDO) is only present toward 
IRAS 16293 A with evidence for some water coming off dust 
grains in regions impacted by the protostellar outflow traced 
by SiO. 

The data presented in this paper illustrate the potential of 
(and need for) high angular resolution imaging when discussing 
the physics and chemistry of nearby embedded low-mass pro- 
tostars based on submillimeter wavelength observations - and 
caution against over-interpretations based on lower resolution 
data in complex systems such as IRAS 16293-2422. On the other 
hand, the wealth of information in these and similar studies pro- 
vide many independent, strong constraints and could be used to 
shed light on some of the unanswered questions concerning the 
physical and chemical structure and evolution of low-mass pro- 
tostars. Once the Atacama Large Millimeter Array (ALMA) is 
fully operational with its large spectral bandwidth (up to 8 GHz 



in each of two sidebands) and collecting area, similar types of 
observations will be routinely done and thus provide a significant 
boost to studies of the molecular astrophysics in star-forming re- 
gions. The data presented in this paper will guide higher sensi- 
tivity and resolution observations with ALMA, but also contain 
a wealth of information in their own right. We therefore wel- 
come everyone to make use of these data and make them pub- 
licly available. 
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Appendix A: Compilation of all identified emission lines 



Table A.l. Compilation of all identified emission lines. 



Frequency 


Molecule 


Transition 


log(ju"Sr 


Eu [K]" 




Plot^ 


215.8399200 




56-45 


1.15 


34.38 


A 


+ 


216.1097290 


CH3OCHO-E 


192,18 - 182,17 


1.69 


109.34 


B 


- 


216.1125822 


DCO+ 


3-2 


1.66 


20.74 


A 


+ 


216.1154858 


CH3OCHO-A 


192,18 - 182,17 


1.69 


109.32 


B 


- 


21o.zL)Dj/o0 




6 — 5 


1 lei 
1.36 


lei ■lo 
36.32 


A 


+ 


1 00470 An 
zio.zy'f / zou 




ii 1,10,5 - i"l,9,5 


14 


OAQ ftO 

zoy.oz 


1) 

D 




216.5686510 


H2CO 


9i s - 9i Q 


0.54 


173.99 


1 




216.5819360 


CH3CHO 


11 1,10,2 — 10l,9,2 


2.14 


64.87 


B 




216.6302210 


CH3CHO 


11 1,10,0 - 10l,9,0 


2.14 


64.81 


B 


_ 


216.6433035 


SO2 


222,20 - 22 1,21 


1.55 


248.44 


A 


_ 


216.7104365 


H2S 


22,0 - 2i,i 


0.31 


83.98 


1 


+ 


216.8388463 


CH3OCHO-A 


182,16 - 172,15 


1.66 


105.67 


1 


- 


216.9456000 


CH3OH 


5l,4-42,2(A+) 


0.05 


55.87 




- 


216.9655183 


CH3OCHO-E 


202,19 - 19l,19 


2.09* 


90.67 




- 


216.9666519 


CH3OCHO-A 


20o,20 - 19l,19 


2.09* 


90.65 


' 




217.1049800 


SiO 


5-4 


1.68 


31.26 


1 


+ 


217.2370538 


CH3OCH3 


347,28,2 - 338.25.2 


2.07* 


590.64 


1 


- 


217.2385378 


DCN 


3-2 


1.91 


20.85 


1 


-H 


217.2992020 


CH3OH 


'-'1,5 '2,6' I' — i^f 


0.67 


373.92 






21 Q 4fSS142fi 


*— ^ 1 J V./ V i 1 J 


285^24,2 ~ 276^21,2 


2.00* 


384.79 






219.5055900 


C2H5CN 


^^Z,ZZ ^^Z,Zl 


2.55 


135.62 


A 




219.5063307 


H2CN 




-4.92 


175.40 


A 




219.5470997 


HNCO 


104,6,9 ~ 94,5,9 


2.11* 


729.27 


A 


- 


219.5529227 




104,6,9 - 94,5,9 


2.11* 


727.58 


1 


- 


219.5603541 




2-1 


-1.61 


15.81 


1 


+ 


219.6218327 


C2H5CN 


546,48 ~ 537,47 


1.13 


681.29 


1 


- 


219.6238599 


H2CN 


3o,3,2.5 - 2o 2 5 


-4.86 


21.12 


A 


- 


219.6567105 


HNCO 


103^8,9 - 93,7,9 


2.15* 


426.37 


1 


+ 


219.7056522 


C2H5OH 


432,42,0 - 423,40,1 


1.06 


822.87 


B 


- 


219.7355213 


HNCO 


102,9,9 - 92,8,9 


2.17* 


210.01 


1 


+ 


z.iy.1 yo J lyo 




10o,io,9 - 9o.9,9 


i .oy 


"Kf, 09 


1 
1 


+ 






21 12,10,0 ~ 20i3,7,o 


1 35 


183 25 


\ 




91 Q Qn8'N9'^n 


rl2 \~X) 


9, . 

Jl,2 - Zl,l 


1 .04 


^9 O/l 


1 
i 


+ 


9 1 Q Q4QAA9n 




J6 - -^5 




1.A OS 


1 
1 


+ 






ZJ3,22 Z44,20(,>1+; 


09 


S09 1 f, 
OUZ. ID 


1 
1 




91 Q QQ^Q^QO 


CH30H 


9"^^ ,^ _ 99^ ,.^( A4-\ 
^■35,19 ^^6,17*,'^+^ 


S9 


775 88 






Z ly .yy\jy'-r\) 1 




327,25,0 ~ 327,26,1 


J. 00 


3 17 44 






990 fnSdQOO 


CH30H 


"0,8 iXMA^) 


S4 


96 61 






220 1 651 979 

A^AAj , ± U.J Ly 1 y 




19i6,4,0 ~ 19[3_5,i 


0.34 


168.30 






220.1668155 


CH30CHO-E 


172,15 ^ 164,12 


1.63 


103.15 


1 




220.1687526 


(CH3)2CO 


327,25,0 - 327^26,0 


3.03* 


317.43 


A 


- 


220.1781956 


CH2C0 


111 11 - lOi in 

* 1, 1 1 ^ l,iU 


1.82 


76.48 


1 


+ 


220.1843344 


CH30CH3 




1.98* 


774.86 


1 






CH30CHO-A 


1 1 A IT — 1 Oil 1 T 


1.63 


103.14 


1 




220.2350419 


CH3CN 


12iini9 — lliinii 


2.25* 


910.24 


B 


+ 


220.296 11 30 


CH3''CN 


1 /n 11 — 1 1 fi 1 1 


2.98* 


625.50 


B 


+ 


220.3461944 


H2CN 


VI Q ^ in — /I l"l ^ 1 A 


-4.82 


175.37 


A 


+ 


220.3597073 


(CH3)2CO 


22 1 22 1 ~ 21 [ 21,1 


3.95* 


102.83 




+ 


220.3640282 


(CH3)2CO 


22 1220 ~21i2io 


3.95* 


102.74 






220.3676372 


(CH3)2CO 


1 1 1 1 1 1 — lOin 1 9 


2.54 


62.89 






220.3677269 


CHs^^CN 


12s n — 1 Is 1 1 


2.79* 


504.37 






220.3986842 


^^co 


2 - 1 


-1.31 


15.87 


j 


+ 


990 40 1 'XlAi\ 




i'-'5.5 - i 14,81,'^-.) 


9k 
VJ.Zo 


9^ 1 f^A 
Z9 i .04 






220.4464450 


CH3CH0 


133,10,2 ^ 132,11,2 


1.15 


104.67 


B 




220.4667117 


H2CN 


32,2,23,1 ^ 22,1,21,1 


-4.57 


68.66 


A 


+ 


220.4758142 


CH3CN 


128,0,12 - lls.O.ll 


2.79* 


504.40 


1 


+ 


220.4858600 


CH3'3CN 


126,12 - lle.u 


3.22* 


304.69 


1 


+ 


220.5393300 


CH3CN 


127,0,12 - 117,0,11 


2.86* 


397.45 




+ 


220.5511144 


(CH3)2CO 


128,5,0 - 117,5,1 


0.21 


63.84 




+ 


220.5703792 


CH3'3CN 


124,12 - 114,11 


2.99* 


161.94 




+ 


220.5851975 


HNCO 


10l,9,9 - 9i,8,9 


1.88* 


80.33 




+ 


220.5944295 


CH3CN 


126.0,12 - 1 16,0,12 


3.22* 


304.72 






220.5999883 


CH3'3CN 


123,12 - 113,11 


3.32* 


111.95 






220.6019270 


C2H5OH 


13l,13,2 - 12o,12,2 


1.18 


1AM 








CHs'^CN 


122,12 - 112,11 


3.03* 


76.23 






220.6338478 


CH3"CN 


12l,12 - lll.ll 


2.88* 


54.80 






220.6380781 


CH3"CN 


12o,ii - llo.io 


3.04* 


47.65 








CH3CN 


125,0,12 - 115,0,11 


2.96* 


226.22 
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Table A.l. continued. 



Frequency 


Molecule 


Transition 


logOu^S)" 


Eu [K]" 




Plot^ 


220.6609152 


C2H5CN 


252,24 - 242,23 


2.57 


143.02 


B 


- 


220.6648874 


(CH3)2CO 


llii.i.o - lOio.i.i 


3.14 


62.92 


1 


- 


220.6793199 


CH3CN 


124,0,12 - 114,0,12 


2.99* 


161.96 


} 


+ 


7000708 


L.rl3l^i> 


123,0,12 — 113,0,12 


'J 'JO* 


1 1 1 07 
1 i 1 .V / 






220.7104700 


CH3OCHO-E 


249 99 — 24 1 94 


0.34* 


\A1M 








r'w-.r' NT 


122,0,12 - 1 12,0,12 


D.yjj 


lf\ 9S 
/O.ZJ 




+ 


99n 7/19QQni 




12l,0,12 - lll,0,12 


'X 04* 


Q9 


: 




990 7A79An'^ 
ZZU. / ^ / Z'-tU J 




izo,0,12 ii0,0,12 




^ 1 -Oo 






990 Q 1 OA/l 1 Q 




24l,23 - 24o,24 


U. 14 


iOiS.iSl 






990 C 1 1 lAflA 

ZzU.oll /4U4 


L-rl3 UL-rl\J-ii 


103,15 - 1 '4,14 


U.OD 


iUD.iS / 






220.8140200 


CH3OCH0-E 


285,23 - 284,25 


0.62 


247.74 


1 


- 


220.8151931 


CH3OCH0-A 


183,16 - 1^2,15 


0.65 


105.86 




- 


220.8476425 


CH3OCH3 


244,20,0 - 235,19,0 


1.84* 


276.29 


B 




220.8889464 


CH3OCH0-A 


18l7,l - 17i7,o 


1.01* 


271.32 




- 




L.rl3Ul^rl3 


zJ4,20,2 - ZJ3,21,2 


Z.J / 


Zjj.Zj 


a 




220.9261742 


CH3OCHO-A 


1 S 1 o — 1 / 1 1 

" 10,2 ^ ' 10,1 


1.30* 


249.44 






220.9351812 


CH3OCHO-E 


I8162 - 17l6,l 


1.00 


270.64 


1 


_ 


220.9468249 


CH3OCHO-A 


379,29 - 378,30 


1.02 


473.29 


1 


- 


220.9475069 


CH3OCHO-E 


18l6,3 - 17l6,2 


1.00 


270.63 


1 


- 


220.9615825 


C2H5CN 


466 40 ~ 465 41 


1.63 


505.97 


J 




220.9625105 


(CH3)2CO 


llii,i,o - 10io,o,o 


3.14* 


41.74 


1 


- 


990 07789^(^ 




18 15,3 1 ' 15,2 


1 47* 


228.89 


. 




220.9785217 


CH3CN 


129 112~ll9111 


2.49* 


1291.48 


J 




220 9834929 


J. ±3 vvv^i 1 w i_j 


18l5,3 ~ l'7l5,2 


1.17 


250.09 






990 QS79 1 OQ 


33^02 


143.1 1.13 ~ 142,12,13 


1 07* 

L.y 1 


Q7 '^1 

y 1 .J I 






990 QQR'^Q7Q 
A.L\j.yyODy i " 




18l5,4 - 17[53 


1 17 


250 08 


, 




220.9988850 


C2H5OH 


13o 13 1 ~ 12o 12 1 


1.32 


135.54 


J 




991 0476505 

ZZl .VJ^ / UJ7J 


\_,jn.3 v^Vrfinv^ rt. 


18l4,4 — 17i4,3 


1.58* 


209.65 






991 0498464 




1814,4 ~ 17l4,3 


1.28 


230.87 






ZZ 1 At J IDJZU 




297,22,0 ~ 296,24,1 


1 9'^ 


A-iQ 79 

t / 0. /z 


J 




221.0669592 


CH3OCHO-E 


18 14,5 - 17l4,4 


1.28 


230.85 


B 


- 


221.1148971 


3^802 


222,20 - 22 1,21 


1.53 


247.83 


A 


+ 


221.1396461 


CH3OCHO-E 


18l3,5 - 17l3,4 


1.36 


212.97 


1 


- 


221.1410146 


CH3OCHO-A 


18l3,5 - 1713,4 


1.66* 


191.74 




- 


221.1543046 


C2H5OH 


29l7,12,0 - 30l6,14,l 


0.57* 


750.57 


1 


- 


221.1585432 


CH3OCHO-E 


18l3,6 - 17l3,5 


1.36 


212.95 


1 


- 


221.1770778 


HDCS 


7i,6 - 61,5 


1.27 


51.45 


1 


+ 


221.1916648 


D2CO 


4l,4 - 3l,3 


1.31 


31.96 


1 


- 


221.1966270 


CH3CN 


126,1,12 - 116,1,12 


2.89* 


909.71 


1 


- 


221.1978221 


CH3OCH3 


275,22,0 - 274,23,0 


2.61* 


359.34 


1 


- 


221.1991513 


CH3CN 


12-1,2,12 - 11 1,2,12 


3.01* 


566.77 


1 


- 


221.2020390 


C2H5CN 


422,40 ^ 422,41 


0.53 


396.30 


J 




221.2158030 


CH3CHO 


112,10,7 - 102,9,7 


2.09 


450.75 


B 


- 


221.2606831 


CH3OCHO-E 


18l2,6 - 17l2,5 


1.42 


196.40 


1 


- 


221.2656015 


CH3OCHO-A 


18 12,6 - 17 12,5 


1.73* 


175.16 


1 


- 


221.2727950 


CH2CN 


113,9,12 - 103,8,11 


-2.64* 


161.17 


1 


- 


221.2748271 


CH2CN 


112,10,11 - 102,9,10 


-2.39 


116.52 


1 


- 


221.2809035 


CH3OCHO-E 


18l2,7 - 17l2,6 


1.42 


196.39 


1 


- 


221.2852410 


"CHsOH 


8i,8-7o.7(A-) 


0.70 


87.12 


1 


- 


221.2938400 


CH3OCHO-E 


286,23 - 285,24 


0.62 


247.76 


1 


- 


221.2958080 


CH3CHO 


133,10,0 - 132,11,0 


1.22 


104.69 


1 


- 


221.3119500 


CH3CN 




2.89* 


749.85 




+ 


221.3382190 


CH3CN 


1 Zl 1 IT — 1 1 Q 1 1 O 


2.98* 


677.15 




+ 


221.3503700 


CH3CN 


1 O 1 T — 1 1 ^ '> 1 O 


2.93* 


684.78 




+ 


221.3676691 


CH3CN 


1/11 IT — IIti IO 


3.30* 


628.15 




+ 


221.3807396 


CH3CN 


1 Zzi T n — IIa? n 


3.26* 


633.92 






221.3873001 


CH3CN 


Izi 1 n — 111 1 n 
^■^1,1, iz -^^1,1. iz 


3.01* 


593.42 






221.3941500 


CH3CN 


1 Zn T n — lln") n 


3.01* 


572.98 






225.5990847 


CH3OCH3 


Izi ni — llnii'7 

*-^l,lZ,Z ^-^U,ll,Z 


2.34* 


48.13 






225.6977750 


H2CO 




1.64 


33.45 




+ 


225.8967200 


HDO 


3l'2 - 221 


-0.16 


167.56 




+ 


226.2563101 


CH3CHO 


13o,13,0 — 12l,12,0 


1.31 


83.05 


B 




226.3000267 


SO2 


143,11 - 142,12 


1.36 


118.98 


A 




226.3469275 


CH3OCH3 


14l,l3.0 - 132,12,0 


2.00* 


77.14 


1 




226.5383379 


(CH3)2CO 


88,1,1 ~ 753.2 


-0.49 


34.10 


A 




226.7846543 


(CH3)2CO 


203,17,1 - 194,16,1 


3.34* 


104.67 


A 




226.8126092 


(CH3)2CO 


129,3,0 - 118,4,1 


2.74 


66.19 


A 




226.8577140 


CH3CHO 


113,8,2 - 112,9,2 


0.99 


81.48 


B 




227.0194892 


CH3OCHO-E 


194,16 - 184,15 


1.69 


116.57 


1 




227.0280673 


CH3OCHO-A 


192,17 - 182,16 


1.69 


116.56 


1 
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Table A.l. continued. 



Frequency 


Molecule 


Transition 


logOu^S)" 


Eu m" 


Flag' 


Plot'' 


227.0318807 




123,9 - 122,10 


1.27 


93.08 


1 




227.0946010 


CH3OH 


21 1,20 -21o,2l(A+) 


1.06 


557.06 


1 




227.1141731 


D2CS 


85,3 - ^5.2 


1.43* 


185.69 


1 


+ 


227.1799845 


D2CS 


84,4 - 74,3 


1.82* 


128.69 


1 


+ 


977 41 SQfHO 


HC3N 


25 — 24 


2.54 


141 89 


\ 


+ 


227.5143590 


CH3CHO 


1 13,8,0 ^ 1 1 2.9,0 


1.13 


81.49 


B 




227.5613486 


CH3OCHO-E 


2I2 20 " 2O1 20 


2.11* 


100.58 


1 






227.5622413 


CH3OCHO-A 


21o,21 ~ 20l,20 


2.08* 


100.56 


1 






ion /iiono/in 




11 1 A 

lll,ll,l - 10o,lo,2 


l.z3 


ol.M 


B 








14o,14,l - 13l,13,l 


1 1 

-l.lj 




A 

J\ 




zzy. joyu / ju 




i34,ll i03,l3(^A+J 


U.OD 


XIA A'X 


1 

1 










i='3,16 i°4,15 


u. /u 


i ID.D7 


1 

1 






229.5950200 


CH3OCH0-A 


193,17 - 182,16 


0.70 


116.68 


1 




229.7587600 


CH3OH 


81,8 - 7o,7(A-) 


0.70 


89.10 


1 




229.7750710 


CH3CH0 


11 1,1 1,0 - 10o,io,o 


1.23 


61.46 


B 




229.8548654 


so'*o 


14o,14 - 13l,13 


1.44 


88.85 


A 




229.8576282 


3^802 


42,2 - 3 1,3 


0.66 


18.67 


1 




22y. 8609140 


CH3CHO 


103,7,0 - 102,8,0 


1.08 


71.29 


B 




229.8641900 


CH3OH 


195.15 - 204,i6(+£) 


0.76 


578.59 


1 




'^'^r^ r^or^i afxn 

229.9391800 


CH3OH 


195,14 -204,i7(-£) 


0.76 


578.59 


1 




230.0270600 


CH3OH 


32,2 -4i,4(A-) 


-0.13 


39.83 


1 




23U.1U55541 


CH3CHU 


263,23,2 - 254,22,1 


1.02 


348.36 


1 






230.1066085 




122,10,5 - 12l,l2.4 


0.20 


287.68 


1 






230.1084450 


C2H5 OH 


435,38,0 - 434,39,0 


-0.63 


885.64 


1 






230.1413735 


CH3OCH3 


254,22,2 - 253,22,2 


2.40* 


297.12 


1 




230.1446090 


CH3CHO 


13o,13,3 - 12l,12,3 


1.27 


289.71 


B 




230.1595183 


CH3OCHO-E 


35 10,26 - 35o,35 


0.41 


418.81 


1 




2jU. 1 / / / J lU 


(LH3)2C(J 


2Jo,23,0 - 22o,22,l 


3.86^ 


1 12.86 


1 




Tin 1 QOQ 1 Q/l 


(CH3)2LU 


OQ 

282,26,0 - 282,27,1 




19/. /U 


1 






so'^o 


133,10 ^ 132,11 


2.09 


103.28 


1 




230.2337575 


CH3OCH3 


1^2 15 ^ 163,14,0 


1.96* 


125.55 


1 




230.2728523 


CH3CHO 


95,4'2 - 104,7,1 


0.24 


98.01 


B 




230.2927250 


CH3OH 


222,20 - 2 l3,19(A+) 


0.00 


609.54 


1 






230.2938579 


CH3OCHO-A 


229,13 - 228,14 


0.71 


203.35 


1 






230.3018800 


CH3CHO 


122,11,0 - 112,10,0 


2.17 


81.04 


B 




230.3157400 


CH3CHO 


122,11,1 - 112,10,1 


2.17 


81.05 


B 






230.3175270 


o"cs 


19-18 


0.99 


110.54 


1 






230.3681785 


CH30CH3 


28'^ — 27fi 01 2 


1.90* 


384.23 


1 






230.3681990 


CH30H 


224 18 -2U|7(A+) 


0.82 


682.73 


1 






230.3764780 


CH3OCHO-A 


229,14 - 228,15 


0.71 


203.35 


1 






230.3750799 


C2H5 OH 


115,6,1 - 114,7,1 


-1.28 


147. 1 8 


1 






230.3951700 


CH3CHO 


122,11,3 - 112,10,3 


2.17 


286.40 


B 




230.4531157 


CH3CHO 


83,6,1 - 82,6,2 


0.32 


53.60 


B 




230.5075159 


CH3OCH3 


264,23,0 - 255,20,0 


1.95* 


320.83 


1 


+ 


230.5380000 


CO 


2-1 


-1.62 


16.60 


1 


+ 


230.6010400 


CH3CHO 


52,4,1 -4l,3,2 


0.44 


22.91 


B 




230.6725540 


C2H5OH 


132,11,0 - 122,10,0 


1.31 


138.62 


B 




230.6915910 


D2CO 


132,11 - 132,12 


0.71 


285.49 


1 




230.8108827 


so"o 


142,13 - 14l,14 


1.92 


102.83 


1 


+ 


230.9271460 


CH3CHO 


126,6,5 " 116,5,5 


2.06 


359.36 


B 




230.9363200 


CH30CHO-E 


295,24 - 294,26 


0.62 


264.14 


1 




93 1 0609934 


ocs 


19 — 18 


0.99 


110 90 


\ 


+ 


231.1142580 


CH3CH0 


93 6 2 ^92 7,2 


0.88 


62.03 


B 




231.1165900 


CH3CH0 


128,4,3 - 118,3,3 


2.23* 


399.27 


B 




231.1494163 


CH3CH0 


12ll,l,2 - llll,0,2 


1.39 


344.56 


B 






231.1502100 


CH3CH0 


124,8,5 - 114,7,5 


2.13 


314.33 


B 






231.1728105 


(CH3)2CO 


12io,2,o - 119,3,1 


1.45 


68.58 


A 


+ 


231.1835600 


CH3CHO 


129,3,2 - 119,2,2 


1.82 


254.62 


B 






231.1854280 


CH3CHO 


12l0,3,l - 11 10,2,1 


1.67 


297.30 


B 






231.1953200 


CH3CHO 


128,4,2 — 1 1 8,3,2 


1.93 


216.40 


B 






231.1953200 


CH3CHO 


129,4,1 - 119,3,1 


1.82 


254.61 


B 






231.1992628 


CH3OCHO-A 


219,12 ~ 218,13 


0.68 


190.29 


1 






231.2000431 


CH3CHO 


128,4,5 - 118,3,5 


1.93 


420.75 


B 






231.2001400 


CH3OCHO-E 


219,12 - 218,13 


0.68 


190.29 


1 






231.2126600 


CH3CHO 


12l0,2,0 - 11 10,1,0 


1.97* 


275.06 


B 




231.2206852 




5o -4o 


1.58 


33.29 


1 


+ 


231.2254500 


CH3CHO 


127,5,2 - 117,4,2 


2.00 


182.64 


B 






231.2269550 


CH3CHO 


129,3,0 - 119,2,0 


2.12* 


232.33 


B 






231.2336498 


CH3CH0 


128,5,1 - 118,4,1 


2.40* 


194.11 


B 




231.2449800 


CH3CH0 


127,5,0 - 117,4,0 


2.30* 


160.38 


B 
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Table A.l. continued. 



Frequency 


Molecule 


Transition 


logOf^S)" 


Eu [K]" 


Flag'' 


Plot^ 


231.2557700 


CH3CHO 


125,7,5 - 115,6,5 


2.10 


334.37 


B 


- 


231.2676400 


CH3CHO 


127,6,1 - 117,5,1 


2.00 


182.53 


B 


- 


231.2729582 


CH3CHO 


126,7,0 - 116,6,0 


2.53* 


131.15 


B 


- 


231.2811000 


CH3OH 


102,9 - 93,6 (-£) 


0.43 


165.34 


1 


- 


231.3104600 


CH3CHO 


126,7,1 - 116,6,1 


2.06 


153.26 


B 


- 


231.3104889 


CH3CHO 


73,5,1 - 72,5,2 


0.05 


46.19 


B 


- 


231.3122995 


C2H5CN 


27o,27 - 26 1^26 


1.54 


157.70 


A 


- 


231.3132402 


C2H5CN 


242,23 - 23 1,22 


1.26 


132.43 


A 


- 


231.3218566 


N2D+ 


3-2 


2.49 


22.20 


1 


+ 


231.3297000 


CH3CHO 




2.40* 


106.41 


B 




231.3572900 


CH3CHO 


1 Zi n e; — 1 1 1 Q ^ 


2.15 


299.05 


B 




231.3665150 


CH3CHO 


12'i 79 ~ ll'IfiT 


2.40* 


106.32 


B 




231.3820710 


CH3CHO 


12'; 9. A ~- 11^7d 


2.10 


333.58 


B 




231.3892035 


(CH3)2CO 


93,7,0 ~ ^0,8,1 


0.97 


29.85 


A 


+ 


336.8651100 


CH3OH 


12i'n - 12o,i2(-£^) 


1.36 


197.07 




+ 


336.8892125 


CH3OCHO-E 


26q 26 ~" 25o,25 


1.82 


235.46 


1 


+ 


336.9180949 


CH3OCHO-A 


265,20 ^ 256J9 


1.82 


235.46 


1 


+ 


336.9421799 


(CH3)2CO 


24iij3^0 - 23i2,12,0 


2.73 


230.39 


1 


- 


336.9476895 


(CH3)2CO 


33 1,32,1 - 322,31,2 


3.63* 


252.63 


1 


- 


336.9532380 


C2H5CN 


518,43 - 517,44 


1.63 


641.69 


1 


- 


337.0266138 


SO'^O 


279,18 - 288,21 


1.26* 


489.73 


A 


+ 


337.U54733U 


CH3CHU 


188,10,8 - 178,9,8 


2.29 


692.10 


B 




^■^7 (\f,^ 1907 


ri7n 


— 9, 
Jl — Zi 


-U.DO 


on 






'XXI OR! 0820 




10 17 

^"1,18,6 ^ ' 1,17,6 


2.34 


526.12 






337 1 358730 


CH3OH 


■-'3,0 ^2,2V^^,' 


-0.61 


61.64 






337.1363180 


CH3OCHO-E 




0.65* 


331.03 






337.1844552 


CH3OCH3 


313,28,3 - 3I0.3I.3 


1.94* 


415.16 


1 


- 


337.1872764 


CH3CHO 


242.22,3 - 233,21,3 


1.11 


496.77 


B 


- 




CH3UL-H3 


313,28,0 - 31o,3l,o 


1.94* 


415.16 


^ 




337.1984253 




87,6 - 76,5 


1.80* 


48.17 


1 


- 


551. 241 /liO 


CH3CHU 


122,11,1 - lll,10,2 


0.99 


81.05 


B 




J J 1 .Z.'-X7\J 1 Z.'-r 


33^0 


87,6 — 7j_6 


22* 


48 16 






^^7 97R44.8 1 




4125,16,0 — 4028,13,1 


1.14 


700 82 










3632,5,0 ~ 3533 31 


1.36 


606 30 


. 




^77 9070(^8 1 


PT4tOPT4t 


43 8,36,0 ^ 429 33 


2 08* 


920 41 






337 2974390 


CH3OH 


7, -7 — 61 /: V — M4-F\ 

'1,7 01,6, V — ly-r-Cj) 


0.74 


390.01 






337.3010067 


CH3OCHO-A 


36l,35 - 36i36 


0.65* 


331.00 


1 


- 


337.3025736 


NH2CHO 


192,18,19 - 19l,19,19 


1.12* 


171.60 


1 


- 


337.3047696 


33SO 


87,7 "76 3 


-2.32 


80.53 






337.3230950 


C2H5OH 


207,14,2 — 20^ 15 2 


1.29 


238.01 






337.3475840 


C2H5CN 


38336 ~ 373 35 


2.75 


327.85 






337.3678544 


CH2DCN 


22,1 ^ 2i 2 


^1.60 


24.07 


J 




337.3744549 


CH3CHO 


264,23,0 - 263,24,0 


1.52 


361.51 


B 


- 


337.3964590 




7o - 60 


1.43 


64.77 


1 


+ 


337.4213396 


CH30CH3 


212,19,0 - 203,18,0 


2.18* 


187.75 


1 


+ 


337.4435631 


HCOOH 


158,8 - 148,7 


1.62* 


300.36 


1 


+ 


337.4636710 


CH3OH 


76,1 - 66,0, v= l(+£) 


0.48* 


500.61 


1 


- 


337.4666253 


C2H5CN 


136,8 - 144,11 


-2.41 


79.14 


A 


- 


337.4747690 


H2C3'*S 


102,9 - 92,8 


1.42 


141.82 


A 


+ 


337.4899220 


CH3CHO 


283,26,0 - 28 1,27,0 


0.31 


396.09 


B 


- 


337.4905230 


CH3OH 


76,2 - 66,1, v= 1(A-) 


0.16 


558.23 


1 


- 


337.5034508 


CH3OCHO-A 


278 20 — 26$ 19 


1.82 


267.09 


I 


+ 


337.5190670 


CH3OH 


73,5 - 63,4, v= 1(A+) 


0.66 


482.22 


1 




337.5460480 


CH3OH 


75,3 -65,2, v= K+B) 


0.74* 


452.95 


1 


- 


337.5516472 


Dz^CO 


60,6 - 5o,5 


1.82 


57.25 


1 


+ 


337.5816630 


CH3OH 


74,4 - 64,3, V = 1(A+) 


0.58 


428.19 


1 




337.5986450 


D2CS 


12o,i2 - llo,ii 


1.82 


105.77 


} 




'Xin fiOS9S^O 


CH3OH 


'2,5 02,4 7 V — H,/i ) 


0.72 


429.42 






'x-xi filossno 


CH3OH 


'6,1 "6,0' ^ — ^\^^) 


0.16 


657.10 






O-rtn 106940 

DJ 1 .K) i.\J\jZ.'-t\J 


CH3OH 


7-. I /^-i 1! — \ ( A ^ 

'3,4 U3 3, y — n^/i } 


0.66 


387.44 






'XXI \ 0790'? 




1 A, - Q. . 
^^6,5 ^5,4 


1 89* 
i .oz 








337.6306670 


CH3OH 


72,5 - 62.4, V = l(+£) 


1.02* 


331.08 


1 


+ 


337.6423650 


CH3OH 


7i,7-6i,6,v= 1(A+) 


0.74 


356.29 






337.6438640 


CH3OH 


7n7 — 6nfi V = UA+") 


0.75 


365.39 


} 


; 


337.6459920 


CH3OH 


74,3 -64,2,V= 1(A-) 


0.58 


470.21 






337.6481670 


CH3OH 


75,3 -65,2, v= 1(A-) 


0.44 


610.95 






337.6552040 


CH3OH 


73,5 -63,4, v= 1(+E) 


0.97* 


428.52 






337.6711940 


CH3OH 


72,6 - 62,5, V = 1(A+) 


0.72 






+ 


337.6854900 


CH3OH 


74,3 -64,2, v= l(+£) 


0.88* 


513.47 






337.6854900 


CH3OH 


75,2- 65,1, v= 1(A+) 


0.44 


493.94 






337.7075470 


CH3OH 


7i,6-6i,5,v= 1(A-) 


0.74 


478.20 


1 
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Frccjucncy 


Molecule 


Xriinsition 


10g(// 0) 




nag 






L.1I3 WL.rl3 


312.30,3 - 31i.3i_3 


l.jl 


J. 14 


1 
i 




337.7207678 


CH3OCH3 


74,4,2 - 63.3.2 


1.38* 


15.57 


B 


- 


337.7270950 


C2H5OH 


197,12,2 - 196,13,2 


1.27 


221.18 


1 


- 


337.7281852 


CH3OCH3 


74,4,3 - 63,3,3 


1.83* 


15.57 


1 


- 


337.7487830 


CH3OH 


7o.7 -6o.6,v= l(+£) 


0.75 


488.48 


1 


+ 


337.7711578 


CH3OCHO-A 


445,39 - 444,40 


0.84 


604.33 


B 


- 


337.7774213 


CH3OCH3 


74,4,2 - 63,4,2 


1.63* 


15.56 


B 


- 


337.7838926 


CH3OCH3 


74,3,0 - 63,4,0 


1.93* 


15.56 


1 


+ 


337.8010704 


C2H5OH 


192,17,0 - 18216,0 


1.48 


223.08 


1 


- 


337.8371156 


C2H5OH 


llll,l,2 - 12l0,2,2 


-1.05 


207.07 


A 


- 


337.8380890 


CH3OH 


206,14 - 2l5,16(A-) 


0.74 


675.93 


1 


- 


337.8661646 


CH3CH0 


2O1 193^ 192 18,3 


1.26 


405.45 


B 




337.8776218 


(CH3)2CO 


3428,7.0 - 3 329.4,0 


1.78* 


491.76 


1 


- 


337.8833340 


CH3CHO 


17l,l6,6 - 16l,15,6 


2.31 


518.52 


B 


- 


337.8922466 




33-23 


-0.66 


25.31 


A 


+ 


337.9063211 


C2H50H 


423,39,0 - 414,37,1 


1.03 


824.46 


B 


- 


337.9694140 


CH30H 


7i,6-6i,5,v=l(-£) 


0.74 


390.14 


1 


+ 


338.0831953 


H2CS 


10i,io-9i,9 


1.91 


102.43 


1 


+ 


338.0992570 


C2H50H 


187,11,2 - 186,12,2 


1.24 


205.19 


1 


- 


338.1052800 


CH3CHO 


53,2,5 - 42,2,5 


0.80 


240.80 


B 


- 


338.1071430 


(CH3)2CO 


34o,34,0 - 33l,33,l 


4.14* 


255.08 


1 


- 


338.1096730 


C2H5OH 


I87 12 2 ~ 186 13 2 


1.24 


205.19 


1 




338.1176487 


(CH3)2CO 


269 17 ~ 25iQ 16 1 


3.61* 


218.71 


1 




338.1245020 


CH3OH 


7o7 — 6nk(A+) 


0.75 


78.08 


1 




338.1428510 


C2H5CN 


37'i Id. — 36i ■^1 


2.74 


316.76 


A 




338.2620170 


CH2DCN 


52 4 ~ 5i 5 


-1.11 


34.08 


B 




338.2995240 


CH3CHO 


1 ^2 110 ~ 111 10 


1.00 


81.04 


B 




338.3059931 


SO2 


I84 14 — I83 15 


1.43 


196.79 


1 




338.3182717 


(CH3)2CO 


3425 10 1 ~ 3422 13 2 


0.62 


503.70 


1 




338.3203564 


''*S02 


\jO 19 — 12l 1 1 


1.13 


92.45 


A 




338.3380143 


CH30CHO-E 


2/8 1 Q — 2os 1 S 


1.82 


267.18 


B 




338.3446280 


CH30H 


'1,1 '-'i,D\ / 


0.74 


70.55 


1 




338.3557715 


CH30CHO-A 


2/S 1Q — 20S IS 


1.82 


267.18 


B 


+ 


338.3963889 


CH30CHO-E 


2/7 91 — 20'7 on 


1.83 


257.74 


B 


+ 


338.4045800 


CH30H 


7, , _ 6, . (A+) 

' 0,2 "0,1 V * ' / 


0.17 


243.78 


1 




338.4086810 


CH30H 


7(17 — ^nf.i+E) 


0.75 


64.98 


1 




338.4140995 


CH30CHO-A 


2/7 91 — 207 on 


1.83 


257.74 


B 




338.4168741 


C2H50H 


177,11,2 - 176,12,2 


1.21 


190.04 


1 


_ 


338.4309330 


CH30H 


76,1 - 66,o(A-) 


0.18 


253.94 


1 


+ 


338.4423440 


CH30H 


76,1 - 66,o(+E) 


0.48* 


226.21 


1 


+ 


338.4564990 


CH30H 


75,2- 65,1 (A-) 


0.44 


188.99 


1 


+ 


338.4752900 


CH30H 


75,3 - 65,2(A+) 


0.44 


201.05 


1 


+ 


338.4863370 


CH30H 


75,3 - 65,2(+E) 


0.74* 


170.39 


1 


+ 


338.5040990 


CH30H 


74,4 - 64,3 


0.58 


152.89 


1 


+ 


338.5126330 


CH30H 


74,4 - 64,3 (-£) 


0.88* 


112.84 


1 


- 


338.5128560 


CH30H 


72,6 - 62,5 (-£) 


0.72 


102.70 


1 


- 


338.5272488 


"so 


335-235 


-0.54 


25.41 


A 




338.5302490 


CH30H 


743 - 64 7(A+) 


0.58 


160.99 


1 




338.5419995 


CH30H 


73,5 - 63.4 (+£) 


0.96* 


82.30 


1 


+ 


338.5599280 


CH30H 


73,5 - 63.4(A-) 


0.67 


127.70 


1 


+ 


338.5831950 


CH30H 


73,4- 63.3 


0.66 


112.71 


1 


+ 


338.6118103 


S02 


20l,l9 - 192,18 


1.42 


198.87 


1 


- 


338.6149990 


CH30H 


7i,6-6i,5(A+) 


0.75 


86.05 


1 


- 


338.6399390 


CH30H 


72.5 - 62,4 (+£) 


0.72 


102.71 


1 


+ 


338.6729900 


C2H50H 


167,9,2 - 166,10,2 


1.47* 


143.23 


1 


- 


338.7216300 


CH30H 


72,5 - 62,4 


0.71 


87.26 


1 


- 


338.7229400 


CH30H 


72,6- 62.5 


0.72 


90.91 


1 


- 


338.7355199 


C2H50H 


52 8 45 1 — 527 45 Q 


1.49 




B 




338.7400994 


C2H50H 


366,30,2 — 357,29,2 


1.11 


608.82 


1 




338.7486806 


C2H5CN 


237,16 — 245,19 


-1.70 


173.13 


B 




341.1316650 


"CH30H 


13ij2 - 13o'i3(-£) 


1.39 


222.31 


1 




341.2755244 


S02 


2l8 14 — 227 15 


0.80 


369.13 


A 


+ 


341.3502290 


HCS+ 


8-7 


1.49 


73.72 


A 


+ 


341.4156390 


CH3OH 


7i,6 - 6i,5(-E) 


0.74 


80.09 


1 




341.4649300 


CH3CHO 


18l,18,l - 17o,17,2 


1.51 


155.22 


B 




341.6150200 


CH3CHO 


18l,18,0 - 17o,17,0 


1.51 


155.15 


B 




341.6739613 


SO2 


365,31 - 364,32 


1.83 


678.50 


A 


+ 


341.7247312 


"SO2 


132,12,12 - 12l,ll,ll 


1.73* 


59.91 


A 


+ 


341.7323005 


CH3OCHO-A 


294,26 - 284,25 


1.87 


264.16 


B 




341.9181187 


CH3OCHO-E 


295,24 - 285,23 


1.87 


264.14 


1 




341.9272670 


CiH^CN 


20,.i6- 19,,i7 


0.96 


108.18 


B 




341.9275081 


ClI.iOCIlO-A 


293.26 - 283.25 


1.87 


264.14 


B 
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Frequency 


Molecule 


Transition 


logOu-'sr 


[K]* 


Flag'^ 


Plot^ 


342.2300972 


CH3OCHO-E 


296.24 - 285.23 


0.91 


264.16 


A 


- 


342.3551031 


CH3OCHO-E 


305,26 - 295,25 


2.19* 


236.63 


1 


- 


342.3596229 


CH3OCHO-E 


305,26 - 294,26 


1.94* 


236.63 


1 


- 


342.3628322 


CH3OCHO-A 


303,28 - 293,27 


2.19* 


236.62 


1 


- 


342.5221280 


D2CO 


60,6 - 5o,5 


1.81 


58.12 


1 


- 


342.5252977 


CH3OCHO-E 


118.3-107,3 


0.54 


81.42 


1 


- 


342.5724154 


CH3OCHO-A 


118.4-107,3 


0.84* 


48.53 


1 


- 


342.6081188 


CH3OCH3 


19o.l9,3 - 18l,18,3 


2.59* 


134.25 


1 




342.7298300 


CH3OH 


13u2-13o,13(-£:) 


1.39 


227.47 


1 




342.7616254 


SO2 


343,31 - 342,32 


1.71 


581.91 


A 


+ 


J4Z.OOZOJUJ 




IQ - Do 




OJ.O J 


1 
i 


+ 


^zl9 Qzl77A9^ 


L.rl3 WL.rl3 


413,39,0 — 416,36,0 


Z.Jo 


700 /:a 
/ 00.0 J 


1 




j'tz.yDouy / / 




1 7 , n 1 1 , .n 

1Z4,9 - 111,10 


-\j.yy 


JO.OJ 


R 




343.0575458 




89,10 - 78,9 


1.92* 


45.10 


1 


+ 


34D.iSo4J2U5 


C2H5CN 


228,14 - 227,15 


1 /in* 


140.59 


A 




■XAf, 86701 14 


rH^CHO 


1815,4,4 ~ 17l5,3,4 


1.84 


864.58 








346.8691780 


H2Cl^O 


52,4 — 42.3 


1.36 


97.40 


1 






346.8934200 


CH3CHO 


188,11.1 - 178,10,1 


2.74* 


269.02 


B 








218.13 - 217,14 




137 13 






346.9250899 


C2H5CN 


208,12 - 207.13 


1.44* 


128.10 


A 


+ 


346.9342700 


CH3CH0 


187,11.2 — 177.10,2 


2.29 


268.65 


B 




346.9388742 


C2H5OH 


206,14,1 — 196,13,1 


1.46 


280.47 


A 






346.9406616 


C2H5CN 


88,0 - 87,1 


0.46* 


53.29 


A 






346.9456707 


C2H5CN 


198,11 — 197,12 


1.41* 


119.49 


A 




346.9569520 


C2H5CN 


108,2 - 107,3 


0.90* 


61.45 


A 






346.9573800 


CH3CH0 


187,12,0 - 177,11,0 


2.59* 


235.30 


B 






346.9607049 


C2H5CN 


188,10 ~ 187,11 


1.38* 


111.32 


A 






346.9612355 




92,7 ~ 81,8 


0.69 


48.98 


A 






346.9625940 


C2H50H 


2I0 21 2 — 2O1 20 2 


1.33 


185.84 


1 






346.9643632 


C2H5CN 


1183 — II74 


1.01* 


66.18 


A 






346 9707599 




1 2s ^ - 1 2-7 5 
^•^8,4 ^W,5 


1.09* 


71.34 


A 






346.9708872 


C2H5CN 


178,9 ~ 177,10 


1.34* 


103.58 


A 






340.9745480 


C2H5OH 


173,15,0 - 162,15,1 


0.83 


195.16 


1 






340.y /5 l\}5V 




1 "2 1 '2 
138,5 - 137,6 


1 1 
1.10 


/o.y3 


A 






346.9768755 


C2H5CN 


1 no — 1 Ot n 


1.31* 


96.27 


A 






346.9773655 


CH3OCHO-A 


37l,36 ~ 37l,37 


0.65* 


349.59 


1 






346.9787172 


C2H5CN 


148,6 - 147,7 


1.21* 


82.95 


A 






346.9792906 


C2H5CN 


158,7 - 157,8 


1.26* 


89.39 


A 








H2C 


54,1 -44,0 


1 on* 


ZUo.Zo 


1 




346.950 /y /J 


HCOOU 


43,2 - 5 1,5 


-3.62 


34.29 


A 




J4-0.W0V /VJU 


L.rl3L.rlW 


18-,..,. 17-,... 
io7,12,l - i '7,11,1 


T 7Q 

z.zv 


OAS 


R 
D 






346.9983440 


h''co+ 


4-3 


1.78 


41.63 


1 


+ 






L,rl2 UL-iN 


2O0.2O - 190,19 


LAy 




1 
i 


+ 




,^.rl3 (^n w 


io6,13,0 i '6,12,0 


Z.OI 


on^ flS 


1 
1 


+ 




(^rl3 ,^11 w 


lo6,12,2 i '6,11,2 


Z. J i 


O'iQ 
Ljy.jy 


1 
1 


+ 


347.1 101228 


CH2DCN 


20s 1=; - 19"; 14 


2.76* 


276.41 


1 


+ 


347.1177162 


CH3CHO 


18l2,6,3 - 17|2,5,3 


2.40=^ 


650.97 


B 


+ 


347.1326859 


CH3CHO 


186,13,1 ~ 176,12,1 


2.31 


239.31 


B 






347.1338640 




53,3 — 43,2 


1.72 


156.69 


B 






347.1440112 


IS 

H2C 


53,2 -43,1 


1.72 


156.69 


B 




34/. 14/2094 


C2H50H 


206,15,0 - 196,14,0 


1.46 


275.45 


A 




34 /. 1 JJ 1245 


L.ri3L.riw 


184,14,8 - 174,13,8 


2.33 


573.91 


B 






347.1557752 


CH3CHO 


''4,0,4 -'J,/, 4 


0.99 


2^2.11 


B 






J4 /. 15 lyy 1^ 


L.2ri5 Url 


^^6,14,0 - ^^6,13,0 


1.40 


07C 

Z/D.4J 


1 
1 




347.1618629 


C2H5OH 


21l,21,2 20[^20,2 


-1.35 


185.85 


A 




347.1664788 


CH2DCN 


204,17 - 194,16 


277* 


227.92 


1 




347.1695196 


CH3CHO 


19o i9_0 — 18ij8^o 


1.54 


171.81 


B 




347.1819200 


CH3CHO 


184^4^5 — 174j3^5 


2.34 


400.37 


B 




347.1882830 


"CH3OH 


14i,i3 - 14o,i4(-£:) 


1.41 


254.25 


1 






347.1882949 


CH2DCN 


209 iQ — ly? 1 8 


2.48 


196.56 


1 






347.2176900 


CH3CHO 


185,13,5 - 175,12,5 


2.32 


420.43 


B 






j4/.ZlcSl Jj4- 




zU3,i8 - 193,17 


Z. 10 


1 on on 
lyu. zu 


1 

1 






347.2234438 


CH30CH3 


10io,i,o - 119,2,0 


0.29* 


157.22 


1 




347.2403963 


CH3CH0 


19o,19.2 - 18l,18,l 


1.54 


171.88 


B 


+ 


347.2518220 


CH3CH0 


185,144 - 175,13,4 


2.32 


419.66 


B 


+ 


347.2915691 


CH3CH0 


185,14,0 - 175,13,0 


2.62* 


181.36 


B 


+ 


347.3306310 


SiO 


8-7 


1.89 


75.02 


1 


+ 


347.3470563 


CH3OCH3 


377,30,0 - 376,31,0 


2.58* 


677.04 


1 






347.3474946 


CH3CH0 


185,13,2 - 175,12,2 


2.62* 


181.28 


B 
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Table A.l. continued. 



Frequency 


Molecule 


Transition 


logOti^S)" 


[K]" 


Flag'^ 


Plot^ 


347.3509290 


C2H5OH 


14t \ i ^ — ISoii^ 


1.02 


99.66 


A 




347.3702042 


C2H5OH 


34d 30 n — 33^ 9s 1 


0.89 


579.09 


1 


+ 


347.3882105 


CH2DCN 


20t is — I 9t 1 7 


2.48 


196.61 


1 


+ 


347.4455230 


C2HSOH 


2 1 1 T 1 T — 20n TOT 


1.37 


185.85 


1 


+ 


347.4596300 


CH3CHO 


1 87 19 3 — VII 1 1 3 


2.59* 


439.79 


B 


+ 


347.4735609 


C2H5OH 


2O5 ifi 1 - 19'; I'j 1 


1.48 


267.08 


1 




347.4783957 


CH3OCHO-E 


2.1 1 o*; — zn 1 1^ 


1.84 


247.25 


1 




347.4939937 


CH3OCHO-A 


2. 1 ^ '^'f — zlO';'!! 


1.84 


247.25 


1 


+ 


347.5194000 


CH3CHO 


183,16.0 - 1^3,15,0 


2.35 


178.75 


B 


+ 


347.5275021 


CH3CHO 


142,13,6 - 14i,14,6 


1.21 


483.43 


B 


- 


347.5324834 


CH3CHO 


19o,19,5 - 18ij8,4 


1.54 


376.56 


B 


- 


347.5635800 


CH3CHO 


183,16,1 - 173,154 


2.34 


178.71 


B 


- 


J4 / . JDoDJ^O 


(LM3j2LU 


3122,10,0 - 3023,7,0 


1 70 


/1 1 ^ ^0 

4 1 J.3V 


A 

/\ 






L.ri3WL.riw-A 


166,10 - 1J5,11 


ft A1 


1U4.44 




+ 


lAi An/1 ^Ann 




^010,18 - ^/10,17 


1 Q 1 
1 .ft 1 


ll't^ 7A 




+ 


^/IT A 1 AO 1 AA 


1^2 ^5 


10,^ 11,, 
i^2,10,l - -Im,11,1 


1 ^0 
- 1 .J J 


1 JZ.Z J 






347.6170100 


CH3OCHO-A 


zXin in — / / in ic 


1.81 


306.76 










28io,i9 - 27io,i8 


1 SI 


jyjo. /o 






347 69S3SS0 




28io,i8 ~ 27io,i7 


1 81 


306.76 






347.6503726 


CH3CHO 


184,15,0 - 174,14,0 


2.34 


194.51 


B 


+ 


347.6661969 


CH3CHO 


186,134 ^ ^^6.12,4 


2.30 


443.35 


B 


+ 


347.6860359 


CH30CH0-h 


28io,i8 - 27io,i8 


0.05 


306.76 


A 


+ 


jH- / . / 


CoH'^OH 


204,17,1 ~ 194,16,1 


1 4Q 

1.47 


256 16 










184,15,1 ~ 174,14,1 


2.33 


194.43 


g 




347.7675836 


CH3OCH0-E 


45 10,36 - 459,37 


0.84 


629.78 


1 


+ 


347.7884000 


"CH3OH 


134,9 - 143,ll(£) 


0.57 


302.50 


1 


- 


347.7950424 


C2H5OH 


382,36,1 - 38l,37,l 


-0.68 


681.50 


A 


- 


347.8349955 


CH3CH0 


184,14,2 - 174,13,2 


2.63* 


161.11 


B 


- 


347.8354356 


C2H5CN 


429,33 - 437,36 


-1.12 


478.30 


A 


- 


347.9115075 


(CH3)2CO 


35q,35,i — 34i,34,i 


4.15* 


270.92 


A 




347.9455996 


C2H5CN 


3O4 26 ~ 30l,29 


0.00 


218.53 


1 


+ 


347.9537539 


C2H5OH 


143,12,1 ~ 132,11,1 


-1.28 


159.97 


1 


+ 


348.0103300 


CH3CHO 


187,12,4 - 177,11,4 


2.28 


471.78 


B 


+ 


348.0324330 


H2C'**0 


52,3 - 42,2 


1.36 


97.50 


1 


+ 


348.0448423 


C2H5CN 


227,15 - 235,18 


-1.78 


163.24 


A 


- 


348.0500083 


CH3OCHO-E 


284,24 - 274,23 


1.85 


266.05 


1 


- 


348.0659670 


CH3OCHO-A 


286,23 - 276,22 


1.85 


266.05 


1 


+ 


348.0761410 


CH3CHO 


188.1 14 - 178,10,4 


2.26 


505.18 


B 


- 


348.0830973 


CHsC'^CH 


21 1 -2O1 


1.07 


190.99 


1 


_ 


348.0875400 


CH3CHO 


186.13.3 ^ 175.12,3 


2.60* 


409.86 


B 




348.1001940 


'3CH3OH 


llo.u - 10i.9'(£) 


0.70 


162.36 


1 


+ 


348.1174691 


3^802 


194 16 - 193 17 


1.44 


212.60 


1 




348.2115900 


CH3CHO 


^ J, l0,J -■- ' J,lD,J 


2.34 


383.20 


B 




348.2290900 


CH3CHO 


1 0/1 1^/1 — L/AiAA 


2.33 


399.64 


B 


+ 


348.2605616 


C2HsCN 


3yo 'i.i — 3o'> 


2.76 


343.77 


1 




348.2884900 


CH3CHO 


IS1 \ < — li 1 ^ A ^ 

J. I J.J ' J,LH,J 


2.34 


385.26 


B 


+ 


348.3445240 


C2HsCN 


4()t — 39'> 


2.77 


351.03 


A 


+ 


348.3682909 


CH3CHO 


Z()n TO — IVi ^Q/^ 

U.ZU.D ^ l,iy,D 


1.60 


559.91 


B 


+ 


348.3833571 


CH3CHO 


24^ TO 7 — 24d on 8 


1.28 


709.71 


B 




348.3878000 


SO2 


24t — 23'i 11 


1.28 


292.73 


A 




348.4268300 


HCOOD 




-0.11 


386.56 


1 




348.5290690 


CH3OCHO-E 


39fi - 39d 


0.94* 


406.72 


1 




348.5343647 


H2CS 


10i,9 - 9i3 


1.91 


105.19 


1 




348.5490239 


CH3OCH3 


13ii 90 — 14in^n 

^ i 1 ,Z,U ■ Hj,.J,U 


0.97* 


219.31 


A 


+ 


348.5533063 


C2H5CN 


40l,39 - 39l,38 


2.77 


350.99 


1 




348.5607352 


CH3CHO 


I84147 — 174141 


0.47 


194.47 


B 


+ 


348.5741708 


CH3CHO 


I85 143 ~ 175 133 


2.62* 


384.77 


B 


+ 


348.5926077 


CH3CHO 


19o,19,3 - 18], 18,3 


1.49 


378.44 


B 


+ 


348.6909162 


CH2DCN 


20l,l9 - 19l,18 


2.49 


181.14 


B 


- 


348.7201594 


C2H5OH 


44,0,1 - 33,0,0 


0.93* 


56.10 


1 


+ 


348.7487090 


CH3CHO 


183,16,6 - 173,15,6 


2.34 


565.54 


B 


+ 


351.1186500 


CH3CHO 


18l,17,5 - 17l,16,5 


2.35 


368.31 


B 


- 


351.1780478 


33S02 


84,4.10 - 83,5,10 


1.46* 


37.92 


A 


+ 


351.1955218 


D2CO 


65,1 - 55,0 


1.30* 


159.97 


1 


+ 


351.2363430 


CH3OH 


95,5 - 104,6(^4+) 


0.14 


240.50 


1 




351.2372003 


C2H5OH 


206,15,2 - 196,14,2 


-1.41 


221.82 


A 




351.2412110 


HNCO 


164,12,15 - 154,11,15 


2.36* 


801.97 


A 




351.2572233 


SO2 


53,3 - 42,2 


0.86 


35.89 


1 


+ 


351.4171451 


HNCO 


163,14,15 - 153,13,15 


2.38* 


499.10 


A 


4- 


351.4649831 


o"cs 


29-28 


1.17 


253.05 


1 


+ 


351.4897729 


D2CO 


64,2 - 54,1 


1.86* 


111.51 


1 




351.4923762 


C2H5OH 


375,32,0 - 366,30,1 


0.91 


678.95 


1 
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Table A.l. continued. 



Frequency 


Molecule 


Transition 


loga-'s)" 


[K]" 


Flag' 


Plot" 


351.5172503 


CH3OCHO-E 


293.26 - 283.25 


1.87 


274.21 


B 


- 


351.5314432 


C2H5CN 


I65.12 - 154.11 


0.98 


86.27 


1 




351.5378152 


HNCO 


162,15,15 - 152.14,15 


2.08* 


282.77 


1 




351.5424856 




64,2,5 - 63,3.5 


1.40* 


24.12 


A 








162,15,15 - 152,14,15 


Z.Uo 


ZOZ. J J 


A 

/\ 




Jji.jjl-yjju 




162,14,15 - 152,13,15 


Z.Uo 


isi in 

Zoz. / / 


A 

rt 








132,12,0 - 121.11.0 


i.U4 


y3.ui 


T3 
D 




TCI coQao/in 


L.rl3L.rlW 


63,3,0 - 524.0 


U.OJ 


Q 1 
jV.ol 


TJ 
D 




jji.ozooouu 


(LM3)2HJ 


433,40,0 - 432.41,0 






A 




J J i .Oj J4J /y 




'00,16,15 - 'J0,15,15 




1 no ir\ 

L\Jy. /U 


A 

/\ 






351.6352310 


33cn 
SU2 


54,2,4 - 53.3.4 


1.25* 


18.60 


A 






351.6428731 


HN'^CO 


16o,16.15 - 15o.l5,15 


2.09* 


109.71 


A 




351.6962430 


CH3OCHO-E 


192.17 - 192,18 


-1.65 


126.22 


B 




351.7686450 


H2CO 


5l,5 -4l,4 


1.89 


62.45 


1 


+ 


351.8738732 


S62 


144,10 - 143,11 


1.29 


135.87 


A 


+ 


351.9947623 


HNCO 


23 1,23,24 - 24o,24,24 


1.80* 


299.51 


A 


+ 


352.2321000 


CH3CHO 


19l,19,l - 18l.l8,l 


2.38 


172.12 


B 




352.2436863 


D2CO 


63,3 - 53.2 


1.39 


107.60 


B 


+ 


352.2511849 


CH3CHO 


19l,19,0 - 18l.l8,0 


2.38 


172.05 


B 




352.2554824 


HNC"*0 


17l, 17.16 - I61 16,16 


2.12* 


161.65 


A 


+ 


352.5995703 


ocs 


29-28 


1.17 


253.87 


1 


+ 


352.8978650 


HNCO 


16l,15.15 - 15l. 14.15 


2.09* 


153.37 


A 


+ 


352.9200176 


CH3OCHO-E 


315.27 - 305.26 


2.21* 


252.55 


1 





Notes. This table is also available in electronic form at 'http://www.nbi.dk/~jeskj/sma-iras 16293.html''''* Catalog line strength for transition. "*" 
indicates multiple hyperfine components from the catalog entry added together. Energy of upper level for transition. Flag describing identi- 
fication of line: "1" indicates transition detected toward both components, "A" transition only detected to IRAS 16293A and "B" transition only 
detected toward IRAS 16293B. Transitions that are close in frequency / blended are grouped with the vertical lines in this column. "-f" indicates 
transitions included in the maps in Fig. ll2ifT5l for specific species. 



